
RESEARCH ARTICLE
www.small-journal.com

High Polymer Molecular Weight Yields Solar Cells with
Simultaneously Improved Performance and Thermal
Stability

Sergi Riera-Galindo,* Marta Sanz-Lleó, Edgar Gutiérrez-Fernández, Nicolás Ramos,
Marta Mas-Torrent, Jaime Martín, Laura López-Mir,* and Mariano Campoy-Quiles*

Simple synthetic routes, high active layer thickness tolerance as well as stable
organic solar cells are relentlessly pursued as key enabling traits for the
upscaling of organic photovoltaics. Here, the potential to address these issues
by tuning donor polymer molecular weight is investigated. Specifically, the
focus is on PTQ10, a polymer with low synthetic complexity, with number
average molecular weights of 2.4, 6.2, 16.8, 52.9, and 54.4 kDa, in
combination with three different non-fullerene acceptors, namely Y6, Y12, and
IDIC. Molecular weight, indeed, unlocks a threefold increase in power
conversion efficiency for these blends. Importantly, efficiencies above 10% for
blade coated devices with thicknesses between 200 and 350 nm for blends
incorporating high molecular weight donor are shown. Spectroscopic,
GIWAXS and charge carrier mobility data suggest that the strong
photocurrent improvement with molecular weight is related to both, improved
electronic transport and polymer contribution to exciton generation.
Moreover, it is demonstrated that solar cells based on high molecular weight
PTQ10 are more thermally stable due to a higher glass transition temperature,
thus also improving device stability.
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1. Introduction

Organic photovoltaics (OPVs) can be a
competitive player in the photovoltaic so-
lar energy industry in applications such
as wearable electronics, indoor photo-
voltaics, building integrated photovoltaics,
or agrivoltaics.[1–4] The recent progress in
OPV technology has been mainly triggered
by the important advances in the develop-
ment of new photoactive semiconductor
organic materials, especially non-fullerene
acceptor molecules (NFAs) and tuned band
gap donor polymers,3 which have led to
an impressive performance increase with
power conversion efficiencies (PCEs) in
lab-scale single junction devices exceeding
19%.[5–11] Despite the advent of OPV active
materials with high efficiency,[12–16] the
mass adoption of solution processed OPV
is still hindered by a few scientific and
engineering challenges, mainly in terms of
upscaling, costs, and stability.[17–21] While it

is of paramount importance for successful commercialization of
NFA-based OPV modules, the research community has not paid
enough attention to stability so far, focusing its efforts on improv-
ing PCEs.
In particular, thermal stability is one of the key challenges fac-

ing the widespread adoption of organic solar cells.[22] Thermal
stability refers to the ability of the device to maintain its per-
formance under operational (or elevated) temperatures. Quali-
fication standard tests for photovoltaics such as IEC 61215 and
IEC 61646, take this very important feature into account by ex-
posing the modules under test to repeated temperature cycles
from −40 °C to +80 °C. Conjugated polymers and small organic
molecules can have low thermal stability and thus be prone to
degradation under moderate or high temperature excursions.
Exposing an OPV cell to high temperatures can lead to sev-

eral degradation routes. The most prevalent is related to bulk
heterojunction (BHJ) evolution as a consequence of molecular
diffusion and aggregation/crystallization tendency which results
in donor/acceptor phase separation.[23–25] Besides, temperature
may promote ionmigration and, generally, the degradation of the
interfaces between the various components of the device.[26] Fi-
nally, exposing the device to high temperatures can accelerate,
in combination with other agents such as oxygen, the chemical
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Figure 1. Top: Molecular structures of the organic semiconductors used in this work. Bottom: Power conversion efficiency (PCE, %) to synthetic com-
plexity (SC, %) ratio as a function of active layer thickness with different number average molecular weights of the donor polymer for selected com-
binations reported in the literature: for PM6:IT-4F,[46] PM6:Y6,[45,47] P3HT:o-IDTBR,[48] PTzBI:N2200,[54] PTQ10:IDIC,[60] PM6:PYT,[65] J71:N2200,[66]

PTzBI:ITIC.[67]

degradation of the active layer through, for example chain scis-
sion, changes in the molecular weight of the materials and de-
fect formation. Related to the above, several geometric and de-
vice parameters have been found to influence the thermal sta-
bility of an organic solar cell, including the photoactive layer
(PAL) thickness,[27] the presence of a third component or sta-
bilizing additives,[28–33] the solvent choice,[34] the use of pho-
tocrosslinkable polymers,[35–37] interlayer modification,[38,39] and
device architecture.[40]

Importantly, PAL thickness also has a profound effect on PCE
as it dictates the amount of light absorbed. While thicker films
would improve absorption, the final PCE is limited by electronic
transport and doping and thus, a compromise is found with op-
timum thickness often ≈100 nm.[41] From an upscaling point of

view, coating large areas at exactly 100 nm is extremely challeng-
ing, so materials and geometries that exhibit a performance that
is resilient to changes in thickness are of great interest.
On the other hand, the molecular weight (Mn) has a signif-

icant impact on the device performance,[42] as it has been re-
ported in organic electrochemical transistors,[43] thermoelectric
devices,[44] organic light emitting diodes,[45] and organic photo-
voltaics (see Figure 1). Increasing the molecular weight of poly-
mers generally enhances their film-forming properties; nonethe-
less, processing high molecular weight polymers is challenging
due to their limited solubility. In recent developments, a high-
pressure method has been employed for processing high molec-
ular weight D18, enabling the achievement of an exceptional
power conversion efficiency of 19.65%.[11] This achievement sets
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a new record for binary devices to date. Moreover, high molecu-
lar weight polymers achieve higher charge carrier mobility, offer-
ing a higher device performance. In OPVs, the general observa-
tion is that higher Mn improves PCE. This has been shown for
different OPV systems, including those based on P3HT, PTB7-
Th, TQ-F, PTzBi, and PM6 donors (Figure 1) blended with a
number of acceptors. Other works on polymer:fullerene follow
the same Mn-dependence.

[46] For the sake of clarity we have fo-
cus on the collection of data related to polymer:NFAs and poly-
mer:polymer systems. While there has been efforts to determine
the most critical molecular-weight sensitive factors impacting
OPV performance, a general framework for device optimiza-
tion is, however, still missing.[46] Some works carefully iden-
tify bulk and interfacial morphological factors affecting charge
extraction and transport in OPV.[46–49] A considerable amount
of research has been devoted to show the importance of con-
trolling the Mn of the donor polymer on BHJ OPVs for max-
imizing device performance and reproducibility.[46–59] The im-
proved performance can be attributed to several factors, includ-
ing higher light absorption, improved charge transport, and re-
duced aggregation and phase separation of the polymer chains.
Moreover, it is expected that high Mn donor polymers show
high thermal stability;[52] since the higher Mn can reduce chain
dynamics of the polymer, thus increasing the glass transition
temperature and, in consequence, reducing the potential phase
segregation.
In the present work, we have shed light into the molecular

weight dependence of BHJ based on NFAs combined with
poly[[6,7-difluoro[(2-hexyldecyl)oxy]−5,8-quinoxalinediyl]−2,5-
thiophenediyl] (PTQ10), a high performance polymer donor
material used in current state-of-the-art OPV research. PTQ10
has a simplemolecular structure and can be synthesized through
a streamlined two-step process making it a highly versatile and
low cost material which bright future for commercialization.[60]

Recently, PTQ10 has been documented to exhibit superior
photostability compared to benchmark donor polymers PM6
and D18, which has been attributed to the increased planarity
and rigidity in PTQ10 backbone structure.[61] Three different
NFAs molecules have been chosen for the study: 2, 2′- [(4,4,9,9-
Tetrahexyl – 4, 9- dihydro-s- indaceno [1,2-b:5,6-b′] – dithiophene
– 2,7-diyl) bis [methylidyne (3- oxo – 1H – indene – 2,1 (3H) –
diylidene)]] bis – propanedinitrile (IDIC) or Y-family (like 2,2″-
((2Z,2″Z)-((12,13-bis(2-ethylhexyl)−3,9-diundecyl-12,13-dihydro-
[1,2,5]thiadiazolo [3,4 – e] thieno [2″, 3″: 4′, 5′] thieno [2′, 3′: 4, 5]
pyrrolo [3, 2 – g] thieno [2′, 3′ :4, 5] thieno [3, 2 – b] indole – 2,
10 – diyl) bis (methanylylidene)) bis (5, 6 – difluoro – 3 – oxo –
2, 3 – dihydro – 1H – indene – 2, 1 – diylidene)) dimalononitrile
(Y6) and 2, 2′ – ((2Z, 2″Z) – ((12, 13 – bis (2 – butyloctyl) –
3, 9 -diundecyl – 12, 13 – dihydro – [1, 2, 5] thiadiazolo [3, 4
– e] thieno [2″, 3″: 4′, 5′] thieno [2′, 3′: 4, 5] pyrrolo [3, 2 – g]
thieno [2′, 3′: 4, 5] thieno [3, 2 – b] indole – 2, 10 – diyl) bis
(methanylylidene)) bis (5, 6 – difluoro – 3 – oxo – 2, 3 – dihydro
– 1H – indene – 2, 1 – diylidene)) dimalononitrile (Y12)).[62]

PTQ10:IDIC blend has shown an apparent low dependence to
active layer thickness.[63] Y6 and its derivates, such as Y12, with
increased solubility with non-halogenated solvents,[64] are the
nowadays benchmark acceptors. Still, there are no studies of the
molecular weight dependence of the photovoltaic performance
on PTQ10:NFA based solar cells.

In this work, we explore the effect of molecular weight on
PTQ10-based OPV. Five different PTQ10 with number average
molecular weights (Mn) ranging from low (≈2.4 and ≈6.2 kDa),
medium (≈16.8 kDa), and high (≈52.9 and ∼54.4 kDa) molar
mass fractions have been tested by combinatorial screening with
the aforementioned three NFAs, namely IDIC, Y6 and Y12. The
active layer materials have been analysed by measuring their
charge carriermobility, absorption, grazing-incidence wide-angle
x-ray scattering (GIWAXS), Raman, and differential scanning
calorimetry (DSC).
The presented results shed light on a practical processing route

for scaling up PTQ10:NFA-based OPV using high Mn PTQ10
and thicker photoactive layers. Notably, the adoption of higher
molecular weight polymers does not only lead to improved device
performance but also yields greater PAL thickness tolerance and
thermal stability, which are crucial aspects for the commercializa-
tion of OPV. Additionally, it is imperative to consider the intricacy
involved in synthesizing the raw materials. The concept of syn-
thetic complexity (SC) is designed to quantify the experimental
effort necessary for manufacturing organic semiconducting ma-
terials for use in OPV,[68] which we view as a proxy for the cost as-
sociated with thesematerials. Simultaneously obtaining these as-
pects is extremely challenging. Figure 1 shows that the PCE to SC
ratio as a function of PAL thickness, where we include prior stud-
ies to optimize the PAL thickness and other works about the Mn
of the donor polymer. Our high-throughput fabrication approach
enables us to conduct these tasks effortlessly. The quadrant with
high PCE/SC ratio and high PAL thickness is hardly populated,
being the results here presented significant in this respect. Over-
all, this research demonstrates the importance of incorporating
higher Mn donor polymer in PTQ10:NFA-based OPV, paving the
way for more efficient and stable solar energy conversion tech-
nologies.

2. Results and Discussion

In a first series of experiments, we fabricated devices
based on PTQ10:NFA systems with an inverted structure
(ITO/ZnO/PTQ10:NFA/MoOx/Ag) with different PTQ10 Mn
and using three different NFAs, namely IDIC, Y6 and Y12, sup-
plementary details about the properties of the PTQ10 polymers
utilized in this study can be find in Table S1 (Supporting Infor-
mation). These sum up to 13 different blend combinations and
a total of 312 devices. In order to minimize the required amount
of material and simultaneously accelerate the screening process,
we employed a recently developed high throughput screening
method.[69–71] Specifically, we deposited the corresponding PALs
as thickness gradients via decelerating blade coating. This pro-
cess defined 12 pixels of varying thickness on each substrate,
facilitating a rapid andmaterial-efficient optimization of the PAL
thickness dependency. The method involved testing 12 distinct
parametric combinations, each replicated twice, resulting in a
total of 24 devices or pixels arranged in a single large aspect
ratio (see Figure S1, Supporting Information and Video in
Ref.[72]). The PAL thickness variation of the along the substrate
significantly influences the final power conversion efficiency
(PCE).
The main photovoltaic parameters of all the PTQ10:NFA sys-

tems as a function of thickness and for each Mn are shown in
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Figure 2. Main photovoltaic parameters as a function of PAL thickness for OPVs based on PTQ10:NFA with different Mn of PTQ10, using as NFA: IDIC
(left column), Y6 (middle column), and Y12 (right column). Dashed lines are polynomial fitting to the data, acting as visual guidelines.

Figure 2. The J(V) of the champion device for each NFA are de-
picted in Figure S2 (Supporting Information). Overall, the per-
formance improves with increasing Mn in all cases. We can at-
tribute the improvement in PCE due to the increase in JSC and
FF for blends containing higher Mn PTQ10. For a given material
system, the open circuit voltage remains fairly constant as a func-
tion of both thickness and polymer Mn. The higher VOC obtained
for IDIC acceptor (VOC,max = 0.96 V) compared to those using Y6
or Y12 acceptors (VOC,max = 0.79 and 0.86 V, respectively) can be
attributed to its higher lying lowest unoccupiedmolecular orbital
(LUMO)(−3.91 eV)[73] than the LUMO level of Y6 (−4.10 eV)[74]
or Y12 (−4.06 eV).[64] Systems with Y6 and Y12 acceptors achieve
higher PCEs (> 10%) than the system with IDIC as a result of
higher JSC values (attributed to the broader absorption of Y6 and
Y12, see Figure 3) and slightly better FF, which can indicate a bet-
ter charge transport in Y6 and Y12 systems, as shown below. In
the case of the PTQ10:Y6 devices, the PCE increases from 3.1%
(Mn of PTQ10 2.4 kDa) to 10.1% (Mn of PTQ10 54.4 kDa), which
represents a threefold increase in PCE.

Interesting, the optimum thickness for the PTQ10:NFA-based
OPV is relatively high, achieving the highest PCE of 9.1%, 10.5%,
and 11% at 190, 302, and 339 nm, when combining highmolecu-
lar weight PTQ10 with IDIC, Y6, and Y12, respectively (Figure 2).
The thickness that maximizes PCE increases with Mn, which
points toward transport issues for lower molecular weights. Re-
assuringly, the good FF values (> 65%) obtained for PAL thicker
than 150 nm and highMn indicates low recombination and trans-
port losses.[41] High FFs and JSC values are in agreement with
lower density of recombination centres and better photoactive
layermorphology in the samples with higherMn (Figure S3, Sup-
porting Information)[52] as well as better transport properties and
complementary absorption (see below).
Another aspect related to the thickness dependence is how

much does the PCE varies with small changes in thickness, what
is normally referred to as thickness tolerance. Previously, high
tolerance to PAL thickness was reported using also PTQ10 as
donor polymer blended with either IDIC or fullerene.[60,75] In the
present study, OPV performance based on PTQ10:IDIC shows
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Figure 3. Absorption spectra of PTQ10:NFA blends with similar thickness ≈200 nm and different Mn of PTQ10 a–c) and normalized absorption spectra
for neat materials (PTQ10(2.4 kDa), PTQ10(52.9 kDa), IDIC, Y12 and Y6) d).

very low dependence on PAL thickness above a certain thresh-
old, in good agreement with previous reports.[63] For Y6 and Y12
based devices, we demonstrate also broad thickness tolerance. In
all cases, how flat is the PCE versus thickness (for thickness above
100 nm) is strongly dependent onmolecular weight, generally be-
coming more thickness insensitive for high Mn.
The results presented reveal relevant processing indicators for

the scaling up of PTQ10:NFA-based OPV which is the require-
ment of high molecular weight and thick PAL deposition,[76]

since the performance peaks encountered in the studied OPVs
are beyond 100 nm in PAL thickness. This is not frequent in OPV
for the best performing donor:acceptor combinations reported up
to now[75,77–80] and represents a clear advantage of this polymer
for solution processing of flexible OPV due to an increased com-
patibility with upscaling deposition techniques such as slot die
coating or screen printing.
In order to understand the differences in device performance

as a function of PTQ10 Mn, we have measured UV–vis–NIR ab-
sorption and external quantum efficiency (EQE) for the differ-
ent blends of PTQ10 with the selected NFAs. Figure 3 shows
UV–vis absorption measurements on samples of PTQ10:Y6 (a),
PTQ10:IDIC (b), PTQ10:Y12 (c), and with similar thickness and
different Mn and the neat materials (d). The complete set of ab-
sorption spectra of the different combinations can be found in
Figure S4 (Supporting Information). PTQ10 absorption bands
are centred at≈600 nm, IDIC at 715 nm, and Y12 and Y6 at≈825
and 840 nm, respectively. In the case of PTQ10, the spectra of
low and high Mn have been plotted for comparison. Depending
on the Mn, the absorption of PTQ10 shows different band shape
(different relative intensity between the peaks), and sharper for

the high Mn case. The absorption band broadening is affected by
the conjugation length and the molecular disorder.
With respect to the blends, the narrower absorption spectrum

of PTQ10:IDIC films is due to the higher bandgap of IDIC, which
is also related to higher VOC shown by the corresponding devices.
Ostensibly, PTQ10:IDIC films exhibit higher optical absorption
than thin films based on Y-derivates acceptors for a given thick-
ness. One puzzling finding is that, for all the considered systems,
when the films contain low Mn PTQ10, the acceptor absorption
contribution is higher; however, for high Mn PTQ10, the con-
tributions to absorption from both components absorptions are
more compensated. The origin of this is still unclear, and two hy-
potheses could explain it. A first explanation would be that low
Mn PTQ10 exhibit a lower extinction coefficient, either intrin-
sic due to a smaller oscillator strength[81] or in the plane of the
substrate, due to a more isotropic dipole distribution.[82] Alterna-
tively, the actual amount of PTQ10 in the blend may be varying
with Mn as a result of solution aggregation of low Mn PTQ10.
Worth noting is the fact that the spectra reveal sharper peaks for
highMn PTQ10 indicating that the polymer in that case has a bet-
ter defined and narrower absorption band. From the device point
of view, the higher absorption allows the high Mn polymer to ab-
sorb light more effectively and this is, at least in part, responsible
for the higher photocurrents obtained for blends containing high
Mn PTQ10 (Figure 2).
The larger bandgap of PTQ10:IDIC solar cells makes the EQE

reach up to 800 nm, instead of the 950 nm reached by Y-acceptor-
based solar cells. It can also be seen that in the area where PTQ10
absorbs, the EQE is higher when Y-family acceptors are used,
compared to cells including IDIC (Figure 4a). This is probably
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Figure 4. a) External Quantum Efficiency of the optimized devices of PTQ10:IDIC, PTQ10:Y6, and PTQ10:Y12 with PAL thickness 190, 302, and 339 nm,
respectively ; b) of PTQ10 (Mn = 52.9 kDa):Y6 devices as a function of PAL thickness ; c) PTQ10:Y6 devices with similar PAL thickness and different
PTQ10molecular weight (ie. Mn = 2.4 kDa,Mn = 6.2 kDa,Mn = 16.8 kDa, andMn = 52.9 kDa with PAL thickness 194, 182, 181, and 189 nm, respectively).

due to a thinner optimum thickness (Figure 2), which does not
permit full absorption by the relatively low absorbing PTQ10.[75]

The higher and more extended EQE for devices based on Y-
derivatives agrees well with the higher photocurrent observed for
these systems compared to those based on IDIC.
Regarding the PTQ10:Y6 system, with Mn = 52.9 kDa, there

is an increase of the EQE in the PTQ10 absorption region when
the PAL thickness increases, being much smaller than the Y6
contribution for thin PAL (Figure 4b). This is consistent with the
absorption measurements, as shown in Figure 3. This panchro-
matic absorption contributes to the better photocurrent mea-
sured for thick films for devices based on high Mn PTQ10. On
the other hand, Figure 4c shows the effect of PTQ10 molecular
weight on EQE in PTQ10:Y6 solar cells with similar active layer
thicknesses (between 181 and 194 nm). Higher Mn leads to im-
proved EQE by allowing for more efficient absorption of light, in
combination with improved charge transport (see below).
In order to elucidate the influence of themolecular weight vari-

ation of the PTQ10 donor polymer on the device physics, wemea-
sured PTQ10:Y6 solar cells as a function of light intensity. The
main photovoltaic parameters as a function of light intensity are
shown in Figure S5 (Supporting Information). The correlation
between the VOC and light intensity is a well-established qualita-
tive approach to infer the dominant recombination mechanism
in organic solar cells. Certainly, the light ideality factor (n) is cal-
culated by fitting themeasuredVOC as a function of light intensity
(Φ) using the following equation:[83,84]

n =
q

kBT
dVOC

d lnΦ
(1)

with q being the elementary charge, T the temperature, and kB
the Boltzmann constant. When the bimolecular recombination
is strongly dominant, a factor n close to unity is expected. In con-
trast, when bulk traps are present in the PAL, promoting trap-
assisted recombination, an increase of n is observed. The n factor
of PTQ10:Y6 solar cells with different Mn of PTQ10 as a function
of PAL thickness is depicted in Figure 5. The ideality factor is
closer of unity when the Mn is higher, and typically higher than
1.2 for the samples with lowMn. The observed increase in the ide-
ality factor indicates a correlation between the molecular weight

of PTQ10 and the number of traps present in the active layer.
Specifically, lower molecular weight of PTQ10 is associated with
a higher number of traps in the active layer. As expected, solar
cells with medium and low PTQ10 Mn show an increment of the
ideality factor with the PAL thickness. The ideality factor of solar
cells with high PTQ10 Mn is closer to the unit than solar cells
with low and medium PTQ10 Mn.
We next characterize the charge transport properties of each

material by fabricating organic field effect transistors (OFETs).
Representative output characteristics of PTQ10, IDIC, Y6, and
Y12 based OFETs are shown in Figure S6 (Supporting Infor-
mation). The charge carrier mobility values have been extracted
from the transfer characteristics measurements in the saturation
regime (Figure S7, Supporting Information), and the values are
summarized in Table 1. The hole mobility of PTQ10 polymer in-
creases progressively from (1.76± 0.55)·10−4 to (2.45± 0.43)·10−3

cm2 V−1 s−1 when increasing theMn from 2.4 to 54.4 kDa, respec-
tively. This increase bymore than one order ofmagnitude is likely

Figure 5. Light ideality factor (n) of PTQ10:Y6 solar cells with PTQ10 low
(Mn = 6.2 kDa), medium (Mn = 16.8 kDa), and high (Mn = 52.9 kDa)
molecular weight. Dashed lines represent polynomial fits to the data,
serving as visual guides.
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Table 1. Field effect mobility values of the organic semiconductors used in
this work. The average value was extracted from the transfer characteristics
of 8 OFETs for each material, and the error is the corresponding standard
deviation.

Material Mobility [cm2 V−1 s−1]

PTQ10 Mn = 2.4 kDa (1.76 ± 0.55)·10−4

PTQ10 Mn = 6.2 kDa (1.63 ± 0.43)·10−4

PTQ10 Mn = 16.8 kDa (1.40 ± 0.30)·10−3

PTQ10 Mn = 52.9 kDa (1.41 ± 0.14)·10−3

PTQ10 Mn = 54.4 kDa (2.45 ± 0.43)·10−3

IDIC (3.46 ± 1.36)·10−3

Y6 (9.52 ± 0.48)·10−3

Y12 (4.06 ± 0.19)·10−2

due to changes in microstructure that affect the interchain hop-
ping rate (e.g., crystallinity) or intra-chain transport (e.g., through
crystallite inter-connectivity). As degree of crystallinity typically
decreases with increasingMn, we expect that themost significant
impact on mobility arises from the inter-crystallite connectivity
granted by highMn chains.

[85] Long polymers can form intercon-
necting chains that act as bridges between individual crystallites,
facilitating efficient charge transport and promoting higher mo-
bility. We will come back to this point when looking at GIWAXS
data.
PTQ10 OFETs with lowMn present a switch on voltage shifted

to more negatives values (VON ˜ −32 V) compared to those of
higher Mn (VON ˜ −15 V) (Figure S7, Supporting Information).
A higher trap density, which are localized states in the energy
bandgap of the semiconductor, can lead to a higher threshold
voltage, since the VON of an OFET is strongly dependent on
the density of traps present in the organic semiconductor.[86]

Hence, our results point toward the fact that OFETs with lower
Mn have more traps, which can trap charge carriers and is in
agreement with the increase of the ideality factor of solar cells
with low Mn (Figure 5). Our findings align with prior studies,
confirming that charge transport in semiconducting polymers
predominantly takes place along the polymer backbones and is
restricted by interchain hopping, making extended crystallinity
dispensable.[87,88] If the molecular weight is high enough, long
polymer chains can connect ordered regions, interconnected net-
work facilitated by tie-molecules, greatly improving charge trans-
port in the film.[89] On the other hand, Y6 and Y12 OFETs show
higher electron mobility than the values obtained with IDIC
OFETs (Table 1). The mean mobility of Y12 OFETs is more
than one order of magnitude higher than IDIC OFETs, (4.06 ±
0.19)·10−2 and (3.46 ± 1.36)·10−3, respectively, being the mobility
of Y6 OFETs also higher than IDIC OFETs. High mobility values
can lead to relatively high FF by reducing the losses due to recom-
bination of charges. Themobility values obtained with the OFETs
agreewith theFF shown in Figure 2, where it can be observed that
increasing the Mn of PTQ10 the FF also increases in the same di-
rection asmobility does. It appears that a more balancedmobility
helps the FF. The agreement between FF and mobilities extends
to the different NFA. We argue that higher mobility values are
also connected to the capability of the blend to maintain the PCE
for thick PALs.

In order to gain a deeper insight on film morphology, the
solid-state molecular packing of low and high molecular weight
PTQ10, both as neat and blend films, was studied by grazing in-
cidence wide-angle X-ray scattering (GIWAXS). In Figure 6, the
2D patterns obtained and their corresponding intensity profiles
along the out-of-plane (OOP, z) and in-plane (IP, r) directions
are shown. The complete set is shown in Figure S8 (Support-
ing Information). Pristine PTQ10 thin films with low Mn dis-
play sharper and better-defined diffraction peaks compared to
high Mn films, which suggests a larger degree of structural order
in the former. Moreover, while low-Mn films exhibit a preferred
“edge-on” orientation of polymer molecules, a preferential “face-
on” orientation is found in high Mn films.
The distinctive feature of the PTQ10:Y6 microstructure is its

partially amorphous structure, which is in contrast to many
BHJ. Instead, discernible narrow reflections persist, implying a
substantial presence of structurally ordered domains and thus,
chemical homogeneity within this BHJ. The patterns of the blend
PTQ10:Y6 present an intense broad halo and both isotropic
lamellar and pi–pi stacking reflections, with a “face-on” tendency
of the latter one. The GIWAXS 1D line cuts corresponding to
the in-plane (qxy) and out-of-plane (qz) scattering intensities are
also shown in Figure 6c,d,g,h. It is observed that above 6.2 kDa,
the polymer presents much less crystallinity and orientation (as
proved by the isotropic reflections) (Figure S8, Supporting Infor-
mation). For the blend case, a decrease of “lamellar” intensity in
OOP and increase in IP is observed. This proves the increased of
“face-on” stacking for high Mn.
The GIWAXS data inform us that the origin of the higher ab-

sorption for high Mn PTQ10 blends is not related to a higher
density of dipoles but more likely due to improved vertical ori-
entation of the pi–pi reflection, which can be attributed to higher
chain orientation in the plane (more isotropic molecular distri-
bution for the lower Mn batches).

[82] Moreover, it confirms that
the changes in mobility are more likely associated to better inter-
chain connectivity.[85] More rigid backbones, like PTQ10 com-
pared to P3HT, will lead to an increase in the critical molecular
weight.
In the final set of experiments, we have focused on the stabil-

ity of the different systems. We measured the thermal stability
of OPV based on PTQ10:Y6 with different donor Mn by moni-
toring the performance of the solar cells after annealing them
at several temperatures for 10 min from 85 °C to 265 °C with
15 °C steps. The whole set is shown in Figures S9–S12 (Support-
ing Information), while Figure 7 summarizes the main parame-
ters for the best performing device for eachMn. The results show
relatively stable performances up to a temperature of 150 °C, af-
ter which both VOC and JSC plumped for low molecular weight.
When the temperature reached 200 °C, theVOC and JSC for blends
containing the 2.4 and 6.2 kDa batches are <20% the original
value, while for higher Mn they are still ≈80% of the values for
the unannealed sample. The strong drop in photocurrent for the
high molecular weight samples happens at ≈250 °C. We should
note, however, that cells are not fully stable up to that tempera-
ture but rather only more slowly changing. At that temperature,
it is clearly understandable that there is a big drop in efficiency
due to the morphological instability of the blend, triggered by Y6
with lower glass transition temperature.[90] Overall, these results
indicate that high molecular weight organic solar cells are more
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Figure 6. a–d) 2D GIWAXS data and line profiles in the out-of-plane and in-plane directions of PTQ10 and e–h)PTQ10:Y6 .

thermally stable, which is an important factor in determining
the long-term performance and stability of these devices. These
findings highlight the importance of optimizing the molecular
weight of the organic material used in organic solar cells to en-
hance their thermal stability and long-term performance.
In order to further elucidate the origin of thermal stability dif-

ferences on devices, we characterize the thermal properties of
low and high Mn PTQ10 films. The glass transition tempera-
ture (Tg) was determined for 2.4 and 52.9 kDa PTQ10 solution
processed films using two different methods based on fast scan-
ning calorimetry (FSC), namely physical aging experiments[91,92]

and temperature-modulated FSC experiments (see Supporting
Information for details). Interestingly, a 15–25 °C shift on Tg was
determined between 2.4 and 52.9 kDa with both methods (see
Supporting information for more detail), higher for larger Mn.
In the case of physical aging experiments (Figures S13 and S14,
Supporting Information), we found a Tg = 181.6 °C for Mn =
2.4 kDa and a Tg = 195.3 °C for Mn = 52.9 kDa. For temper-
ature modulated DSC (Figures S15–S17, Supporting Informa-
tion), the transitions happen at ≈150 °C and 175 °C for Mn =
2.4 kDa and Mn = 52.9 kDa, respectively. Both techniques sup-
port the increase in glass transition temperature with molecular
weight, and thus the improved thermal stability for the devices
based on higher Mn PTQ10, in agreement with previous results
for other systems.[93] Additionally, we confirm the thermal sta-
bility of PTQ10 by GIWAXS (Figure S18, Supporting Informa-
tion). After annealing the film, we observe only minor variations
in intensity for polymer crystals with edge-on orientation (out-of-
plane direction), while no significant differences are observed in
GIWAXS in-plane direction. Finally, Raman spectroscopic anal-
ysis was conducted on PTQ10:Y6 films annealed at high tem-
peratures (200–260 °C). In Figure S19 (Supporting Information),
the Raman spectra of these PTQ10:Y6 films are depicted, along

with the Raman spectra of all organic semiconductors employed
in this work. Slight variations in intensity were observed in the
Raman spectroscopic profiles of low Mn PTQ10 samples, char-
acterized by more constrained and pronounced spectral peaks,
which can be related to a higher molecular order of the material
by increasing the annealing temperature. Conversely, the Raman
spectra of films comprising high Mn PTQ10 exhibited negligible
dissimilarities under the aforementioned annealing conditions,
and a spectral intensity notably superior than low Mn PTQ10, in-
dicating an increase in the fraction of the polymer contributing
to the Raman intensity.

3. Conclusion

In this work, we have evaluated the role of molecular weight
donor polymer in PTQ10-based BHJ solar cells in terms of OPV
performance, active layer thickness tolerance and thermal sta-
bility. We studied five different molecular weights (Mn = 2.4 –
54.4 kDa) of PTQ10 blended with three different NFAs, namely
IDIC, Y6 and Y12. The photovoltaic performance increases with
molecular weight for the three material combinations, mainly
due to improved photocurrent and somehow FF. UV–vis and
EQE measurements show that higher Mn leads to improved ab-
sorption and charge collection at the spectral range where PTQ10
absorbs.Mobility data, as extracted fromOFETs, also shows an in-
crease in hole mobility with Mn. This is not due to an improved
crystallinity degree (as seen by GIWAXS), but probably due to an
improvement in connectivity granted by the longer chains. On
the other hand, the optimum film thickness appears to be larger
and the PCE more thickness tolerant for high Mn donors.
Finally, thermal stability was also studied by accumulative ther-

mal treatment of the devices based on PT10:Y6 from 85 °C to
265 °C. Performance evolution of devices under thermal stress

Small 2024, 20, 2311735 © 2024 The Authors. Small published by Wiley-VCH GmbH2311735 (8 of 12)
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Figure 7. Main photovoltaic parameters of PTQ10:Y6 solar cells as a function of temperature annealing for differentMn of PTQ10. Dashed lines represent
polynomial fits to the data, serving as visual guides.

show that high Mn OPVs were more stable. Moreover, a differ-
ence in glass temperature of 15 °C to 25 °C was found between
2.4 and 52.9 kDa PTQ10 films which explains, at least in part, the
improved stability of cells based on higher Mn donor. Increasing
molecular weight is, therefore, a good strategy to simultaneously
improve efficiency, stability, and thickness tolerance. Our results
support PTQ10 as a highly favorable polymer to push commer-
cial applications of OPV forward. Although factors affecting the
performance and stability of this novel low-cost material remain
to be fully examined, our work highlight some important indica-
tions of practical utility for processability.

4. Experimental Section
Materials: All reagents and solvents were purchased from com-

mercial sources and were used without further purification. Poly[[6,7-
difluoro[(2-hexyldecyl)oxy]−5,8-quinoxalinediyl]−2,5-thiophenediyl]
(PTQ10) with different molecular weight ranging from low (Mn =
2.4 kDa), medium (Mn = 16.8 kDa) and high (Mn = 52.9 and 54.4 kDa)
molecular weight were provided by 1-Material. Another low molecular
PTQ10 with Mn = 6.2 KDa was included in the study purchased from
a different provider (Lumtec). 2,2′-[(4,4,9,9-Tetrahexyl-4,9-dihydro-s-
indaceno[1,2-b:5,6-b′]-dithiophene-2,7-diyl)bis[methylidyne(3-oxo-1H-
indene-2,1(3H)-diylidene)]]bis-propanedinitrile (IDIC), 2,2″-((2Z,2″Z)-
((12,13-bis(2-ethylhexyl)−3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo
[3,4-e]thieno[2“,3”:4′,5″]thieno[2″,3″:4,5]pyrrolo[3,2-g]thieno[2″,3″:4,5]
thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-
oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6) and 2,2″-
((2Z,2″Z)-((12,13-bis(2-butyloctyl)−3,9-diundecyl-12,13-dihydro-[1,2,5]
thiadiazolo[3,4-e]thieno[2″,3″:4′,5″]thieno[2″,3″:4,5]pyrrolo[3,2-g]thieno

[2″,3″:4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-
difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
(Y12) were purchased from 1-Material.

ZnO ink formulation (N-10) was purchased from Avantama. Molyb-
denum oxide (MoOx) was acquired from Alfa Aesar. Chlorobenzene was
purchased from Merck and used as received. The glass substrates with
patterned indium tin oxide (ITO; 100 nm thick) were purchased from
Ossila, allowing the fabrication of 24 devices in just one glass slide
(75 mm × 25 mm).

Solar Cell Fabrication: The organic solar cell devices were fabricated
with an inverted structure of ITO/ZnO/PTQ10: NFA/MoOX/Ag, with dif-
ferent molecular weight (Mn) of PTQ10 and NFA was either IDIC, Y6 or
Y12. The substrates were cleaned by consecutive sonication baths in ace-
tone, Hellmanex 10 vol% solution in water, isopropanol (5 min each),
and sodium hydroxide (NaOH) 10 vol% (10 min), and finally rinsing with
deionized (DI) water. The ZnO, which acts as electron transport layer
(ETL), was deposited using an automatic blade coater Zehntner ZAA 2300
with an aluminum applicator Zehntner ZUA 2000, in air conditions with
a droplet volume of 50 μL, a blade gap of 150 μm, at a constant speed of
5 mms−1 and the substrate temperature set at 40 °C. ETL layer was an-
nealed at 100 °C for 10 min before transferring to a nitrogen-filled glove-
box. The photoactive layer (PAL) was blade coated in the glovebox with a
blade gap of 200 μm, at substrate temperature of 88 °C, and at deceler-
ating speed from 90 to 10 mm·s−1 across the 75 mm-long direction pro-
viding a thickness-gradient layer. PTQ10:Y6, PTQ10:Y12, and PTQ10:IDIC
blends, at weight ratio 1:1.5, were prepared for each Mn at 20 mg·mL−1

dissolved in chlorobenzene. Then, samples were annealed at 100 °C for
10 min. MoOx (40 nm) and Ag (150 nm) layers were finally evaporated in
an ultra-high vacuum at a rate of 0.5 and 1 Å s−1, respectively.

Solar Cell Characterization: The J–V characteristics were automatically
acquired in air using a Keithley 2400 source meter in combination with
an Arduino-based multiplexer/switcher to measure of up to 24 devices
in a row. A SAN-EI Electric, XES-100S1 AAA solar simulator was used
as an AM1.5G illumination source with homogeneous illumination in a
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10 cm × 10 cm area. The solar simulator was previously calibrated with
a certified silicon solar cell (Oriel). Light intensity dependence measure-
ments were carried out using mesh attenuation filters. The external quan-
tum efficiency (EQE) measurement setup consists of homemade system
that uses a SupercontinuumWhite laser (4 W, Fianium PM-SC) coupled to
a Fianiummonochromator (LLTFContrast), with the power controlled by a
broad-band silicon photodetector (Thorlabs S120V 200–1100 nm 50mW).
The current was acquired using a Keithley 2450 SourceMeter. The sample
is enclosed on a black box, to prevent any light from affecting themeasure-
ment. The EQE wavelength scan was from 400 to 1100 nm every 1 nm.

Field-Effect Transistor Fabrication and Measurement: A bottom-gate
bottom-contact configuration was used in the fabrication of field-effect
transistors. The substrates employed for solution coating consisted of
Si/SiO2 (200 nm SiO2) from Si-Mat with photolithography patterned elec-
trodes of 4 nm of Cr and 40 nm of gold, deposited by thermal evapora-
tion. The channel width/length aspect ratio was set to 1000 (L = 100 and
50 μm). Substrates were cleaned via ultrasonication in acetone and iso-
propanol. Solutions of the organic semiconductor, dissolved in chloroben-
zene (20 mg mL−1), were blade coated in a nitrogen-filled glovebox at
20 mm s−1 and a substrate temperature of 88 °C. The electrical mea-
surements were performed in glovebox using a Keithley 2612A and home-
made MATLAB software connected to the samples with Everbeing tung-
sten probing tips.

Thin Film Characterization—Thickness: The film thickness was mea-
sured using a mechanical profilometer (Dektak 150, Bruker).

Thin Film Characterization—Raman spectroscopy: Samples were pre-
pared by blade coating in PTQ10:Y6 solutions, prepared with the
same conditions than for OPV and OFETs, on a glass substrate
(75 mm × 25 mm) in a nitrogen-filled glovebox at 20 mm s−1 and a sub-
strate temperature of 88 °C. Later, the samples were annealed in a Koffler
bench with a controlled temperature gradient along the sample. The Ra-
man measurements were acquired using a WiTec alpha 300 RA+ confocal
Raman setup, coupled to an Olympus objective with 10X magnification
(NA 0.25). A laser centred at 488 nm was employed.

Thin Film Characterization—UV–Vis Absorption Spectroscopy: UV–vis
spectra were recorded with a Shimadzu UV-2550 spectrometer.

Thin Film Characterization—GIWAXS: GIWAXS measurements were
carried out using small angle X-ray scattering system (ALBA Synchrotron,
NCDSWEET beamline). The samples for theGIWAXSmeasurements were
prepared on Si substrates using solutions of PTQ10:Y6 blends with the
different molecular weight. Wavelength = 0.1 nm; Sample-to-detector dis-
tance = 200 mm; Rayonix (LX255-HS). Incidence angle = 0.12°.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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